, it is suggested that ROS produced by menadione inhibited LT secretion through impaired Ca 2؉ influx and 5-lipoxygenase translocation to the nuclear membrane.
Mast cells are specialized secretory cells that play significant roles in allergic responses. Activation of mast cells by antigen stimulation triggers intracellular signaling cascades and leads to secretion of inflammatory mediators, such as histamine, leukotrienes (LTs) and cytokines. [1] [2] [3] [4] [5] Histamine is stored in secretory granules and immediately released by exocytosis upon stimulation (degranulation). Antigen stimulation also induces activation of 5-lipoxygenase to produce LTs from arachidonic acid. LTs are inflammatory mediators that mediate cellular responses such as smooth muscle contraction and increased vascular permeability through G-proteincoupled receptors. As in the case of histamine, antagonists of LT-specific receptors (pranlukast and montelukast) are clinically used as antiallergic drugs.
Production of reactive oxygen species (ROS) has recently been demonstrated in various cells including mast cells, and their effects on many biological processes have been reported. [6] [7] [8] [9] In mast cells, stimulation by antigen, cytokines, substance P, nerve growth factor and compound 48/80 has been reported to stimulates intracellular production of ROS. [10] [11] [12] [13] [14] [15] However, the effects of intracellular ROS on inflammatory mediator secretion in mast cells remain unclear. We reported that intracellular ROS produced by menadione, 2-methyl-1,4-naphtoquinone, together with reduced nicotinamide adenine dinucleotide phosphate (NAD(P)H) and quinone oxidoreductase inhibited antigen-induced degranulation caused by impaired Ca 2ϩ influx from the extracellular medium, without affecting Ca 2ϩ release from the intracellular Ca 2ϩ stores. 16) In the present study, we investigated the effects of menadione on the secretion of another inflammatory mediator, leukotriene C 4 (LTC 4 ). We found that ROS produced by menadione inhibits LTC 4 secretion. Reduced Ca 2ϩ influx and impaired translocation of 5Ј-lipoygenase to the nuclear membrane might explain the inhibition of the LT secretion by meniadione.
MATERIALS AND METHODS

Materials
Menadione sodium bisulfite (vitamin K3) and leupeptin were purchased from Sigma. PMSF was obtained from Wako Pure Chemicals (Tokyo, Japan). Tiron (4,5-dihydroxy-1,3-benzenedisulfonic acid disodium salt) was purchased from Aldrich. All other reagents were of the highest grade commercially available.
Cell Culture RBL-2H3 cells were cultured at 37°C in MEM (Nissui Pharmaceutical, Tokyo, Japan) supplemented with 10% fetal bovine serum (FBS) (Invitrogen) in an atmosphere of 5% CO 2 . 1, 17) Measurement of LT Secretion Secretion of LTC 4 was evaluated by enzyme immunoassay (Cysteinyl leukotriene enzyme immunoassay kit, Assay Designs, Ann Arbor, MI, U.S.A.) according to the manufacturer's instructions. In brief, RBL-2H3 cells (1ϫ10 5 cells) were seeded in a 24-well plate and cultured for 24 h. The cells were then sensitized with anti-2,4-dinitrophenyl (DNP) immunoglobulin E (IgE) (1600 ng/ml) for 30 min at 37°C. They were stimulated with DNP 6 -bovine serum albumin (BSA) (200 ng/ml) for 12 min at 37°C. Aliquots of the cellular supernatant (100 ml), alkaline phosphatase-conjugated LTC 4 , and mouse anticysteinyl LT IgG were added to a 96-well plate precoated with antimouse IgG, and incubated for 2 h at room temperature. After washing each well, a substrate solution (p-nitrophenylphosphate) was added and incubated for 2 h at 37°C. After termination of the reaction, absorbance at 405 nm was measured with a micro-plate reader (MPR-A4, Tosoh, Tokyo, Japan). Since absorbance is proportional to the enzyme-conjugated LTC 4 , the amount of LTC 4 in a sample is inversely proportional to the absorbance. To quantify the amount of LTC 4 , a calibration curve was obtained by adding a standard solution of LTC 4 instead of aliquots of cellular supernatant.
Calcium Measurements RBL-2H3 cells (1.5ϫ10 6 cells) cells loaded with 1 mM Fura2-AM (Molecular Probes; Eu-gene, OR, U.S.A.) for 15 min at 37°C and sensitized with anti-DNP IgE (1600 ng/ml). After washing, cells were stimulated with DNP 6 -BSA (200 ng/ml). To observe the effect of Tiron, cells were pretreated with Tiron (4 mM) for 5 min followed by the treatment with menadione (200 mM) for 15 min before antigen stimulation. Samples were excited at 340 nm and 360 nm and the fluorescence intensity at 500 nm was measured at 37°C. Intensity ratio (F 340 /F 360 ) was calculated by a spectrofluorometer equipped with a personal computer (RF-5300PC; Shimadzu, Kyoto, Japan).
Western Blotting To prepare the whole cell lysate, RBL-2H3 (2ϫ10 6 cells) were suspended in cold lysis buffer (50 mM NaCl, 5 mM KCl, 1% NP-40, 5 mM ethylenediaminetetraacetic acid (EDTA), 1 mM phenylmethylsulfonyl fluoride (PMSF), 1 mM leupeptin, 2 mM KH 2 PO 4 , and 2 mM Na 2 HPO 4 ) and allowed to stand on ice for 30 min. 18, 19) The lysate was clarified by centrifugation and the resulting supernatants were treated with Laemmli buffer at 95°C for 6 min. The samples were electrophoresed in sodium dodecyl sulfate (SDS)-polyacrylamide gel. Electrophoresed proteins were transferred to a polyvinylidene difluoride (PVDF) membrane with an electroblotter. After blocking with 0.5% casein in phosphate buffer, the membranes were probed with primary antibody for 12 h in the presence of 0.2% casein in phosphate buffered saline (PBS). After washing with 0.1% Tween 20 in PBS, the membrane was treated with HRP-labeled secondary antibody for 1 h. Immunoreactivity was detected by enhanced chemiluminescence (ECL, GE Healthcare) using LAS3000mini (Fuji Film, Tokyo, Japan) and analyzed by Image Gauge (Fuji Film). Primary antibodies used in the experiments were as follows: anti p44/42, mitogen activated protein (MAP) kinase (dilution 1 : 1000), anti phospho-p44/42 MAP kinase (Thr202/Thr204) antibody (dilution 1 : 1000), anti p38 MAP kinase antibody (dilution 1 : 5000), and anti phosphop38 MAP kinase antibody (dilution 1 : 1000; BD Transduction Laboratories).
Immunocytochemisitry RBL-2H3 cells were washed twice with N-(2-hydroxyethyl)piperazine-NЈ-ethanesulfonic acid (HEPES) buffer (140 mM NaCl, 5 mM KCl, 1 mM CaCl 2 , 0.6 mM MgCl 2 , and 10 mM HEPES, pH 7.4) and fixed with methanol for 30 min at Ϫ20°C. This was followed by a treatment with acetone at Ϫ20°C. After blocking with phosphate buffer containing 1% FBS for 30 min at room temperature, samples were treated with primary antibody for 2 h and then secondary antibody for 1 h. 20) Antibodies used in the experiments were as follows; anti 5-lipoxygenase (dilution 1 : 100, Santa Cruz Biotechnology), anti lamin B1 (dilution 1 : 500, Abcam), fluorescein isothiocyanate (FITC)-conjugated anti goat IgG (dilution 1 : 400, Santa Cruz Biotechnology), DyLight488-conjugated anti goat IgG (dilution 1 : 2000, Rockland Immunochemicals, Philadelphia, U.S.A.), and rhodamine conjugated anti rabbit IgG (dilution 1 : 400, Santa Cruz Biotechnology). Confocal fluorescence images were obtained using a confocal laser scanning microscope (LSM-510 META, Zeiss) with a 63ϫ objective lens (Plan-Apochromat 63ϫ/1.4 oil). Samples were excited at 488 nm using an Ar laser for FITC and observed through a band pass filter (BP 505-530). For rhodamine, samples were excited at 543 nm using a HeNe laser and observed through a long-pass filter (LP560).
RESULTS
Inhibition of LC 4 Secretion
We first investigated the effects of menadione on the antigen-induced secretion of LTC 4 . We treated RBL-2H3 cells with menadione for 15 min before stimulation. As shown in Fig. 1 , menadione inhibited secretion of LTC 4 in a dose-dependent manner. In the absence of extracellular Ca 2ϩ , LTC 4 secretion was reduced to about 10% of control. As reported in our previous paper, 16) menadione inhibits Ca 2ϩ influx from the extracellular medium, therefore, one of the major reasons for inhibition is thought to be a reduction in the concentration of intracellular Ca 2ϩ .
To confirm that the decreased Ca 2ϩ influx by menadione is due to ROS, we examined the effects of Tiron, a ROS scavenger, 21, 22) on antigen-induced Ca 2ϩ increase in the presence of menadione. Cells were pretreated with Tiron (4 mM) for 5 min before treatment with menadione. As shown in Fig. 2 , Ca 2ϩ influx inhibited by menadione was recovered to the control level.
Effects on the MAP Kinase Cascade Several processes affect the activity of 5-lipoxygenase, which is a key enzyme in the production of LTs from arachidonic acid. [22] [23] [24] It was recently reported that ERK and p38 MAP kinases regulate 5-lipoxygenase. [25] [26] [27] We therefore investigated the effects of menadione on the activation of MAP kinases. Figure 3 shows the effects of menadione on MAP kinase phosphorylation after antigen stimulation. As we reported previously, antigen stimulation increased ERK phosphorylation and reached a maximum level about 6 min after stimulation in RBL-2H3 cells.
18) Pretreatment of cells with menadione for 15 min had no significant effect on the phosphorylation of ERK and p38 in the concentration range used in the experiments. These results suggest that inhibitory effect of menadione on secretion of LTC 4 was not through the inhibition of MAP kinase cascade.
Effects on Intracellular Translocation of 5-Lipoxygenase After cell activation, 5-lipoxygenase migrates to the nuclear membrane. 23, 28) We therefore examined the intracellular localization of 5-lipoxygenase after antigen stimulation in the RBL-2H3 cells. Figure 4A shows the immuno-fluorescence images of 5-lipoxygenase before and after stimulation using FITC-conjugated anti goat IgG as a second antibody. 5-Lipoxygenase translocated to the nuclear membrane from the cytoplasm. To confirm this translocation, we stained the nuclear membrane with anti-lamin B1 (marker protein of the nuclear membrane). As in shown in Fig. 4B , 5-lipoxygenase (green) resided in the cytoplasm before stimulation and the fluorescence intensity derived from 5-lipoxygenase on the indicated line was distributed uniformly. On the other hand, 5-lipoxygenase (green) was co-localized with lamin B1 (red) after stimulation, and the fluorescence intensity of 5-lipoxygenase on the indicated line showed a pattern similar to that of pattern of lamin B1. These data suggest that 5-lipoxygenase migrates to the nuclear membrane after antigen stimulation in RBL-2H3 cells.
We investigated the effects of menadione on the translocation of 5-lipoxygenase to the nuclear membrane. Figure 5 shows the distribution of 5-lipoxygenase at 6 min after antigen stimulation with/without pretreatment with 50 mM menadione for 15 min, using DyLight488-conjugated anti goat IgG as a second antibody. We measured the average fluorescence intensity of cytoplasmic (Fcyt) and nuclear membrane (Fnuc) region in a randomly selected cell. We carried out 5 independent immunohistochemical experiments and nuclear translocation ratio (Fnuc/Fcyt) of 20 randomly selected cells from each independent experiment (total 100 cells) were calculated. Nuclear translocation ratio (Fnuc/Fcyt) for cells with and without treatment of menadione was 2.00Ϯ0.50 and 1.57Ϯ0.32 (meanϮS.D., nϭ100) and found to be significant by Student's t-test (pϽ0.001). These data suggest that nuclear translocation of 5-lipoxygenase was inhibited significantly by menadione.
DISCUSSION
In the present study, we investigated the effects of ROS produced by menadione on LTC 4 secretion in mast cells. As we reported previously, we investigated the effects of ROS that is produced within cells on mast cell signaling. 16) In mast cells, antigen stimulation causes the elevation of intracellular Ca 2ϩ concentration, and menadione dose dependently inhibits Ca 2ϩ increase and exocytotic release of histamine (degranulation) dose-dependently. LTs are synthesized after cell activation and secreted from mast cells to cause inflammatory responses. As shown in Fig. 1 , we found that the pretreatment of cells with menadione inhibits the secretion of LTC 4 (a major LT secreted from mast cells). To elucidate the mechanism of this inhibition, we examined the effects of menadione on the synthesis of LTs, particularly the activation processes of 5-lipoxygenase because LTs are synthesized from arachidonic acid by 5-lipoxygenase. We cannot exclude the possibility that ROS inhibits the secretion process of LTs without affecting the synthesis of LTs. However, we focused on the synthesis processes of LTs because the molecular mechanism of secretion process of LTs has not been clarified in mast cells. Several factors influence the activity of 5-lipoxygenase. 23 ) Intracellular Ca 2ϩ , phosphorylation by MAP kinase and translocation of 5-lipoxygenase to the nuclear membrane are important for its enzyme activity. LTC 4 secretion was severely impaired in the absence of extracellular Ca 2ϩ (Fig. 1) . We reported that menadione inhibits Ca 2ϩ influx. 16) Furthermore, H 2 O 2 impairs the elevation of the intracellular Ca 2ϩ concentration evoked by antigen stimulation in mast cells. 29) N-terminal b-sandwich domain of 5-lipoxygenase functions as a C2 domain and the enzyme activity is regulated by Ca 2ϩ . 30) Therefore, our results suggest that the inhibition of LT secretion is because of the reduction in the intracellular Ca 2ϩ concentration caused by ROS produced by menadione. To confirm this notion, we examined the effects of ROS scavenger. As shown in Fig. 2 , Ca 2ϩ influx was recovered by Tiron and this suggests that ROS is involved in the impaired Ca 2ϩ influx by menadione. Of course we cannot exclude other possibilities that menadione affects Ca 2ϩ influx. Acharya et al. reported that menadione disrupts microtubule by binding to tubulin. 31, 32) Together with the report that microtubule disruption causes inhibition of Ca 2ϩ influx and degranulation, 33) menadione might have inhibited Ca 2ϩ influx through disruption of microtubule. In addition to microtubule, there are some targets that could be involved in impaired Ca 2ϩ influx by menadione through ROS or not through ROS. Recently, it is reported that Ca channel Orai is the store operated Ca 2ϩ channel that works in mast cells, and Orai is activated by STIM on Ca 2ϩ stores. 34, 35) These molecules are responsible for Ca 2ϩ influx and could be probable targets of menadione. In our previous study, we found that disruption of lipid rafts by methyl-b-cyclodextrin inhibited the Ca 2ϩ influx in RBL-2H3 cells. 36) Therefore, menadione might destabilize the lipid rafts, resulting in impaired Ca 2ϩ influx. Evaluation of these effects caused by menadione is needed regardless of the involvement of ROS.
Antigen stimulation activates the MAP kinase cascade in mast cells. 5-Lipoxygenase has two phosphorylation sites in the MAP kinase-dependent pathways. One is Ser-663 by ERK2 (one of MAP kinases).
25) The other site is Ser-271, which is phosphorylated by MAPKAP kinase 2.
26) Another MAP kinase, p38, activates MAPKAP kinases 2 and 3 (MK2/3). 26, 27) Inhibitors of MAP kinase kinase (MAPKK) reduce 5-lipoxygenase activity. [37] [38] [39] We therefore investigated the phosphorylation of MAP kinases, ERK and p38. However, no significant change in phosphorylation level was observed in both kinases.
Finally, we examined the translocation of 5-lipoxygenase after antigen stimulation. In terms of LT synthesis, cytosolic phospholipase A 2 (cPLA 2 ) and 5-lipoxygenase are key enzymes. The former catalyzes the production of arachidonic acid from phospholipid, and the latter catalyzes the production of 5-hydroperoxy-6-trans-8,11,14-cis-eicosatetraenoic acid (5-HPETE) from arachidonic acid. Both enzymes have C2 domain, and Ca 2ϩ -binding and translocation to the nuclear membrane are essential for their function. 23, 28, 40, 41) In this study, we focused on 5-lipoxygenase, since this enzyme is distal key enzyme in the synthetic process of LTs. We found that menadione inhibited the translocation of 5-lipoxygenase to the nuclear membrane (Fig. 5) . Because 5-lipoxygenase and cPLA 2 have similar features as described above, it is highly expected that the translocation of cPLA 2 to the nuclear membrane is inhibited by menadione. Therefore it is reasonable that the decreased secretion of LT is due to inhibition of cPLA 2 as well as inhibition of 5-lipoxygenase.
Although further investigation is necessary to elucidate how menadione-generated ROS inhibits Ca 2ϩ influx and the translocation of 5-lipoxygenase, our findings help to understand the role of ROS in the secretion of inflammatory mediators.
